The presence of extra Yukawa couplings, in particular ρτµ and ρtu, can enhance B → µν rate but leave B → τν unchanged, thereby their ratio can deviate from the value common to the Standard Model and two Higgs doublet model type II. With recent hint of enhancement in B → µν using full Belle data, the Belle II experiment could probe this New Physics with just a few ab −1 . 
Using full dataset, the Belle experiment recently measured B(B → µν) = (6.46 ± 2.22 ± 1.60) × 10 −7 [2] , which constitutes 2.4σ (3.4σ statistical) evidence, hinting at potential enhancement over SM expectation [2] of (3.80 ± 0.31) × 10 −7 . However, given the B → τν rate [3] is consistent with SM, can B → µν really be enhanced? We demonstrate that the answer is in the affirmative, if there exist extra Yukawa couplings in Nature. Such couplings have been of interest recently at the LHC, in the searches of t → ch(uh), which has now reached 10 −3 sensitivity [4] , and h → τ µ, which indicated a hint in Run 1 data [5] , but has since disappeared with 2016 Run 2 data [6] . The implied flavor changing neutral Higgs (FCNH) couplings would affect the Yukawa couplings of the charged Higgs boson H + . The B q → ν decay branching fraction in SM,
is helicity suppressed by m 2 /m 2 Bq , which makes it quite rare, but also more susceptible to NP effects. The effect in two Higgs doublet model (2HDM) type II,
was pointed out a long time ago [7] , where
t β ≡ tan β is the ratio of vacuum expectation values (v.e.v.) of the two scalar doublets, and m H is the mass of H + . As r H is independent of m , we see that
holds true for both SM and 2HDM II. But this equality can be circumvented if there exists FCNH couplings in Nature [8] . In this paper we show that, in the so-called 2HDM without Z 2 symmetry to forbid extra Yukawa couplings, B(B → µν) can deviate from SM, but B(B → τν) would remain SM-like. Thus, R µ/τ Bq could deviate from Eq. (4) and provide a striking test of NP with relatively early Belle II data. Note that we have dropped the index to theν as its flavor is not measured experimentally, a nuance that Nature could exploit.
Called 2HDM III early on [9] to distinguish from the usual 2HDM II or I under Z 2 , 2HDM without Z 2 symmetry followed the Cheng-Sher suggestion [10] that a trickle-down hierarchical mass and mixing pattern may loosen the need for the Glashow-Weinberg "Natural Flavor Conservation" (NFC) condition [11] to forbid FCNH couplings, by use of a Z 2 symmetry. Since the discovery of the h boson, from hindsight such a discrete symmetry assumption may appear [12] artificial, as the experimental interest in t → ch and h → τ µ demonstrate, while the Cheng-Sher trickle-down pattern of √ m i m j may also be too strong to strictly adhere to.
In this paper we assume that, for each fermion charge, there is a second set of Yukawa matrices ρ F ij arising from a second exotic doublet, where some inherent trickle-down flavor pattern helps hide their effects, in particular from the non-diagonal ones. It has been stressed recently [13] that the approximate alignment phenomenon observed at the LHC [14] , the fact that the h boson is rather close [15] to the SM Higgs boson, can help alleviate issues of FCNH couplings. In 2HDM II, the mixing angle of the two CPeven scalars is usually expressed as cos(α − β), and approximate alignment means cos(α − β) is rather small. But without the NFC condition, or the Z 2 symmetry to implement it, tan β is unphysical, hence we use the notation of cos γ [13] , where one sees that the tch coupling becomes ρ tc cos γ, and the hτ µ coupling becomes ρ τ µ cos γ (ρ ct is already constrained by flavor physics to be small [12, 16] ). Hence a small cos γ can easily explain the absence of t → ch or h → τ µ transitions so far, without implying a very suppressed ρ tc or ρ τ µ couplings involving exotic neutral Higgs bosons. Formalism.-In 2HDM without Z 2 (which we shall call g2HDM), the H + Yukawa couplings are (5) where V is the CKM matrix, L, R ≡ (1 ∓ γ 5 )/2, and u, d, are in matrix notation. Note that the Higgs mixing parameter cos γ does not enter. Eq. (5) leads to the branching fraction
where i is summed over, and we consider q = u. As stated earlier, we have removed the flavor index forν, and made explicit the sum over e, µ and τ . Expanding
we drop the ρ sb and ρ db terms as they are constrained severely at tree level by B s and B d meson mixings. Expanding
tu V tb , we drop ρ cu term because it is constrained by D 0 mixing, and ρ uu as it is suppressed by mass-mixing hierarchy, while both terms receive further CKM suppression.
After some rearrangement, the factor becomes
where λ = √ 2m /v is the Yukawa coupling of lepton . Althoughm b = √ 2m b /v is defined similarly, but since it arises from hadronic matrix element, we need to run m b to m H scale. We note that, taking ρ bb = −λ b tan β and ρ = −λ tan β δ , and setting the ρ tu term to zero, one recovers the usual r H factor of 2HDM II. But given the V tb /V ub enhancement factor, one could ignore ρ bb /m b = O(1) in g2HDM, so long that ρ * tu /m b is not as small as Ignoring = e, i.e. assuming ρ e is negligible, we arrive at the explicit formula,
where the ρ µµ effect interferes with SM (the "1"), while the ρ τ µ effect adds only in quadrature. We parametrize the overall ρ µµ term by a phase φ µµ , i.e. the phase difference between ρ * µµ ρ * tu and V ub . Results.-There are two mechanisms that modify B → µν: from ρ µµ with interference, and from ρ τ µ in quadrature. Since |m
Let us discuss first the ρ µµ mechanism. From the trickle-down hierarchy, we find ρ µµ ∼ λ µ reasonable, and probably can not be much larger. This is because λ µ arises from diagonalizing the mass matrix, while ρ µµ is from an orthogonal combination of the two unknown Yukawa matrices. We advocate that, to avoid fine tuning, these two Yukawa matrices must each contain the essence of mass-mixing hierarchies, hence ρ µµ ∼ O(λ µ ). For ρ tu , things are harder to determine. Taking ρ tu ∼ √ 2m t m u /v ∼ 0.005 would be quite small, but it need not be that small. Furthermore, the direct search bound [4] on t → uh is not so different from t → ch, hence still quite forgiving. In lack of a true yardstick, we take |ρ tu | m b ±m b as a reasonable range. We show in Fig. 1 the ρ µµ mechanism, with |ρ µµ | = λ µ (green solid) as yardstick, but the plot extends by an order of magnitude for sake of illustration. The two red solid curves are for φ µµ = 0 (destructive) and π (constructive), corresponding to the Belle central value of 6.46 × 10 −7 , which is 1.7× the SM expectation of 3.8 × 10 −7 , while the red dashed curves are for +2σ enhancement to 11.9 × 10 −7 . It is clear that, for the destructive case, larger |ρ µµ | and |ρ tu | values are needed for enhancement. For general φ µµ , the cos φ µµ interference effect lies between the φ µµ = 0 and π curves, while the sin φ µµ effect adds only in quadrature and is minor. We also give, in blue dot-dash, the case for reduced rate (a possibility at Belle II) to half the SM value. This can only work for destructive H + effect, where the lower (upper) curve is for reduction (overpower). In the left panel for m H = 300 GeV, all curves already lie above |ρ µµ | = λ µ , and they move considerably upwards for 500 GeV, shown in right panel. This indicates that the ρ µµ mechanism is not particularly effective for |ρ µµ | = O(λ µ ).
We find that the ρ τ µ mechanism, though without help of interference, may be more promising. One replaces ρ µµ by ρ τ µ , and the effect is stand-alone in quadrature, hence has no phase dependence. We shall treat ρ τ µ more liberally, allowing a rough yardstick of ρ τ µ λ τ ∼ 0.01. First, due to the original Run 1 hint for h → τ µ by CMS, even over 20 times larger ρ τ µ values have been considered only recently. Second, the most relevant constraint comes from τ → µγ, where the two-loop mechanism constrains |ρ τ µ | 0.01 [17] for ρ tt ∼ 1, but the bound weakens if ρ tt is weaker. Finally, having ρ τ µ up to ρ τ τ ∼ λ τ is not unreasonable, just as ρ tc could be up to ρ tt ∼ λ t [18] . Thus, we take a factor of two range for ρ τ µ around 0.01, and treat ρ τ µ and ρ tu as real as phases do not enter here. With ρ τ µ 0.01, one nominally gains a factor of m τ /m µ against the ρ µµ mechanism, which overcomes the aforementioned rough factor of 1/12, hence one has O(1) effect compared with SM, so long that ρ tu /m b ∼ 1.
The ρ τ µ mechanism is plotted in Fig. 2 , where we retain the SM term but turn off ρ µµ = 0. We see from the left panel for m H = 300 GeV [19] that indeed one can get factor of two enhancement for ρ τ µ 0.01 and ρ tu ∼m b . Using similar formulas, we have checked that the analogously defined R e/µ K is controlled by mixing and mass suppressions, and does not provide further constraint. For m H = 500 GeV (right panel), one sees that larger values for ρ τ µ and ρ tu than nominal are needed, and the R e/µ K constraint becomes even less effective. We turn to check the B → τ ν case. For interference, ρ µµ /λ µ is replaced by ρ τ τ /λ τ , which we illustrate in the left panel of Fig. 3 , with a yardstick of ρ τ τ = λ τ as shown. We take the Belle II projected SM value [20] of (7.7 ± 0.6) × 10 for the constructive case of φ τ τ = π (defined similarly to φ µµ ) and m H = 300 GeV. Larger parameter values would be needed for the destructive case (outside the plot), or for m H = 500 GeV. Note that the Belle value of 9.1 × 10 −5 is actually consistent with SM, hence small ρ τ τ and ρ tu values are permitted. Overall we expect the ρ τ τ mechanism to give SM-like results.
The standalone mechanism is now via ρ µτ , where we plot in the right panel of Fig. 3 the Belle central (+2σ) value of 9.1×10 −5 (13.5×10 −5 ) as the red solid (dashed) curves. For m H = 500 GeV, higher ρ µτ and ρ tu values are needed compared with 300 GeV, and move outside the plot. If we may introduce some prejudice, ρ ct but not ρ tc is constrained by B physics to be small [16] . if ρ µτ is much smaller than ρ τ µ , then the ρ µτ mechanism is even less likely to move the SM rate.
We therefore find that g2HDM seems likely to lead to SM-like B → τν rate, but B → µν could be better enhanced from SM expectation.
Discussion.-We argue that B → µν provides the best test. As mentioned, the effects in K → µν are suppressed by |V ts V ub /V tb V us | (m → µν) . Thus, B → µν provides the unique, best probe of extra Yukawa couplings of g2HDM, whereas B → τν being SM-like is to be expected. This is not a prediction that B → µν would deviate from SM expectation, but that it could.
What about µ → eνν and τ → νν constraints? As these decays are dominated by V − A theory, the vector currents couple to each other by g ∼ O(1). In contrast, besides
g are the largest Yukawa couplings that enter, Nature has a rather effective mechanism in "hiding" the effects of extra Yukawa couplings in the lepton sector. In particular, given the extreme lightness and abundance of the electron, ρ eµ and ρ eτ must be very small, we expect µ → eνν and τ → eνν to be SM-like to high precision. Similar arguments apply to the already measured B → X u ν, π ν decays. Hampered also by hadronic uncertainties, they do not provide serious constraints.
B → µν is even more helicity suppressed than B → τν, with the 3-to-1 generation transition nature on quark side providing CKM enhancement in g2HDM, while our imperfect knowledge of τ decays and loop processes is more tolerant for |ρ τ µ |. But earlier measurements that found B → τ ν enhanced with respect to SM has kept the prejudice to expect NP in B → τ ν, e.g. as discussed in the Belle II Physics Book [20] . We note in passing that B → µν was considered in Ref. [21] for g2HDM, which did not uncover the effect elucidated here.
Conclusion.-With the possibility of enhancement still allowed, and perhaps a mild hint from the B factories, we point out that B − → µ −ν decay could deviate from SM (and 2HDM type II), even by a factor of two in rate. This is despite B − → τ −ν decay rate being SMlike, and offers a unique flavor physics test of the general two Higgs doublet model that allows extra Yukawa couplings. The Belle II experiment can probe the effect in its early phase of running, i.e. with just a few ab −1 .
